ABSTRACT.--Capture data from mist nets are used frequently to quantify the relative abundance of birds. In spite of obvious confounding variables, most of which have been mentioned previously in the literature, relative capture of birds typically is equated directly to relative abundance. Through modeling, we quantify the potential magnitude of the effect of those variables among species and between age/sex categories of the same species. We demonstrate that differences in proportional use of vertical-height categories, including differences below the resolving power of visual estimates, can produce substantial differences in the capture rates of birds with identical abundance. To simulate capture on the horizontal plane, we designed a computer program that models how frequently birds strike nets with respect to home-range size and overlap, number of flights, and mean flight distance. The quantitative results of these simulations show that differences in spacing system, flight distance, and flight frequency have strong effects on capture rates. We also list additional problems with interpretation of differences in capture data. We think that these influences on capture data combine to preclude quantitative comparisons of relative abundance of birds, either among species or within species in different habitats, by use of mist-net capture data under most current research protocols. Although our analyses refer directly only to birds and mist nets, the outcomes of the analyses are relevant to any method that estimates relative abundance from captures of mobile organisms by stationary traps during brief sampling periods. Received 
terpretations of relative numbers of birds captured typically are given as if reflecting relative abundance alone. We have found only two papers Faaborg 1973, Waide 1980 ) that inferred relative abundance from capture data that also attempted to control directly for influences on capture rate other than relative abundance (and in these two cases, only for differences in spacing systems).
The crucial conceptual and methodological point in using capture data is the assumption that differences in numbers of birds captured are determined primarily by relative abundance and that other influences have no significant effect. For this to be true, the spatial-movement patterns in both the vertical and horizontal planes must not differ significantly among the birds being compared. In other words, unless the proportion of flights at mist-net level, the spacing system, the average flight distance, the number of flights per sample period, the degree of net avoidance, and the "catchability" of the birds compared are statistically indistinguishable, the number of birds captured in mist nets during a sampling period is determined by much more than relative abundance. Direct use of capture data from mist nets to make precise comparisons of relative abundance implies an assumption that the birds compared all move around like identical molecules in a vacuum.
However, the few data that exist on movement patterns (see Discussion) show substantial differences even within the same age/sex category at different sites or during different seasons. We suspect that lack of quantitative documentation of the potential magnitude of these influences on mist-net capture in part explains why many authors fail to discuss the cautionary points presented by MacArthur and MacArthur (1974) and Karr (1981) . For this reason, we attempt to quantify the potential magnitude of these influences. Our purpose is to discuss the shortcomings of the direct use of mist-net data in estimating relative abundances, not to compare the use of mist-net surveys to auditoryvisual censusing techniques. Problems with auditory-visual estimates have been analyzed directly and reviewed thoroughly (e.g. Verner 1985, Verner and Milne 1990); problems with mist-net data have not. Although our analyses and simulations focus on mist nets and birds, the results are relevant to any technique that estimates relative abundance of mobile organisms by capture rates in stationary traps.
We conclude the discussion by suggesting a partial solution to some problems that confront the use of mist-net data in estimating relative abundances. We also point out, however, that, even incorporating that partial solution, mistnet capture data cannot be used to estimate accurately the relative abundances without incorporating corrections based on detailed knowledge of the ecology and behavior of the birds involved.
METHODS
Insufficient data exist on vertical-activity patterns in birds to predict realistically the distribution of activities by a single mathematical model; different species (and even individuals of one species in different forest conditions) probably exhibit different activity distributions. We calculated patterns of vertical space use on the assumption that vertical activity is normally distributed. We do not claim that such distributions are normal in reality, but only that this is a useful first approximation. The normal distribution is simply an easily calculated distribution, and we use it to demonstrate the kinds of effects on mist-net capture rates that probably will be evident with any uneven vertical-height distribution.
In our calculations, the part of the activity distribution that occurred (impossibly) "below ground level" was assumed to represent birds caught by the net. This assumption, as opposed to considering the below-ground tail of the distribution to represent birds that walk under the net, biases the results in favor of capture. This is conservative with respect to the effects discussed in this paper.
Mist-net capture data on the horizontal plane were obtained from computer simulations (program written in Think Pascal and performed on a Macintosh IIX). Territory size, net length, number of nets, dis-tance between nets, flight number, flight distance (oe and SD), flight angle (oe and SD), and net-avoidance distance, all described below, were defined by the user. The program first constructed a 10 x 10 grid to simulate 100 equal-area territories. For each simulation a new line of nets was superimposed on this grid and bird-movement simulations were conducted for all birds whose territories intersected the net line (i.e. those possible to catch). The number of simulations was set by the user (see below). Net placement was accomplished as follows: A point within the 10 x 10 grid was chosen at random for one end of a simulated line of nets. This and all other random values herein were calculated using the standard Macintosh toolbox random-number generator (by Apple Computer 1985). A direction was then randomly chosen (to the nearest degree), and the other end of the net line was placed at the appropriate distance in that direction.
Once the territories and mist nets were set, a bird was "released" in each territory crossed by the net line. All other territories were ignored because there was no chance of catching birds in them. Each bird was released by randomly choosing a starting point inside the territory. The bird then moved a distance calculated from a normal distribution determined by the predefined mean and standard deviation of the flight distance. The first flight was made in a completely random direction; all subsequent flights started at the endpoint of the previous flight and were calculated from a circular-normal distribution with the mean set as the same direction as the last flight and a predefined standard deviation. Distances for all flights were governed by the same normal distribution as the first flight. Bird movements were constrained to remain within the territory; if the endpoint of a calculated flight fell outside the territory, then a new random angle was chosen until the resuiting endpoint fell within the territory. The procedure then returned to varying the flight angle according to the circular-normal approach until the next time the bird contacted the edge of its territory. Choice of a large angular standard deviation resulted in relatively random movements; an angular standard deviation of zero resulted in movement in straight lines except when a territory margin was reached. The number of flights could be varied by the user. In most simulations, 100% of the individuals were captured by at least 3,000 flights. Although data for flight frequency are available for a few bird species while foraging, we cannot find such data for movements throughout the day, including quiescent periods. We suspect that most bird species average fewer than one flight per minute for an entire 12-h day (=720 flights/ day). Each bird moved within its territory until the predefined maximum number of flights was reached or until the bird contacted one of the nets. Contact occurred when a calculated flight path intersected a net. A predefined net-avoidance distance also was programmed into the simulation such that no flight beginning less than the net-avoidance distance from the net would intersect that net. This simulated the bird seeing and, therefore, avoiding the net if it landed within the net-avoidance distance.
The number of iterations for this entire process, including net-placement and bird-movement parameters, was set by the user. The program recorded the proportion of birds in all 100 territories that were captured, the proportion of birds captured of those whose territories were intersected by nets (i.e. those possible to catch), and the number of territories crossed by nets for each iteration. Means and standard deviations were then calculated for each set of parameters.
Nonterritorial birds were simulated also. We modeled two types of nonterritorial spacing systems. In one (Type 1), we used home ranges smaller than, and randomly placed in, the hypothetical study area; thus, the degree of overlap was determined by chance. This spacing system might approximate that of, for ex- For all home ranges that intersected the net line, bird flights were simulated as described above. In the other nonterritorial spacing system (Type 2), we set home range size as equal to the entire hypothetical study area, thereby simulating total overlap in home range boundaries. This might be equivalent to the spacing system of wandering individuals that do not hold territories within a matrix of territorial individuals.
All parameters other than territory placement were identical to those in the territorial simulations described above.
In all simulations, we used the following parameters: net length, 12 m; net height, 2 m; net number, 15; and internet distance, 10 m (values typical of many studies). We used territory sizes of 1, 2, 5, 10, and 25 ha. Terborgh et al.'s (1990) estimates of territory sizes for tropical forest birds, often the targets of mist-net studies, show that most species frequently netted in the undergrowth have territories in the 5 to 15 ha range, with no species having a territory smaller than 3 ha. We included smaller territory sizes, however, to encompass estimates of territory sizes from other regions and habitats (e.g. Rappole and Warner 1980, G. Rosenberg 1990). In the absence of published data on net-avoidance distance or inter-and intraspecific differences in this distance, we used a distance of 1 m in all simulations. We strongly suspect that this avoidance distance is conservative because many birds probably detect the presence of a net from farther than I m, depending on vegetation density and structure. In all simulations, the bird population is stable, with no immigration or emigration. In all simulations presented, an individual could be "captured" only once. This is equivalent to studies that mark individual birds and do not count recaptures. We emphasize, however, that many published studies that compare As in almost all simulations, some parameters are unrealistic to varying degrees. Our use of a 100% capture rate for birds striking nets clearly favors quick completion of the simulations. Also, the simulations presented do not incorporate any "learning" factor; in other words, if a bird lands within the 1 m net-avoidance distance, the probability of return to that net is not lowered. This also favors rapid completion of simulations. In both cases, the effect on our results is that the percent of individuals captured for a given number of flights is unrealistically high, a bias that conservatively diminishes the importance of the variable modeled in affecting capture rates. For example, Karr (1981) If, in a hypothetical species, vertical activity is normally distributed with a mean of 1 m and SD of 0.5 m, then 2.5% of the activity of that bird will occur above the net, where birds cannot be caught (Fig. 1A) . If the mean shifts up only 0.5 m, but the SD remains the same, then the proportion of the bird's activity that occurs above the net is 16% (Fig. lB) Territorial vs. nonterritorial species.--Birds that occupy nonoverlapping territories are expected to be caught less often than birds with overlapping home ranges, all else being equal, because the potential number of individuals captured per net is higher if spatial movement patterns allow more than one individual to occupy an area. To simulate the differences in capture values among species, sexes, or age classes that differ only in spacing system, we compared capture data for territorial birds to those for nonterritorial birds, using both Type 1 (partial overlap) and Type 2 (total overlap) nonterritorial systems (see Methods). In the simulation presented, the same number of individuals (20) Effect of differences in flight distance.--Birds that fly farther per flight are expected to be caught by mist nets more often than those that fly shorter distances, all else being equal; the probability of intersecting a net is positively associated with the total distance flown. To quantify the importance of this influence on capture values, simulations were performed that measured capture rates for birds that differed in mean flight distance (see Methods), while controlling for spacing system, territory size, and flight frequency. In this and all simulations below, we emphasize that, if mist-net capture rates were influenced only by relative abundance, there would be no influence of the factor under discussion, and the results would produce a horizontal line with a slope not statistically different from zero. Therefore, only when the curves presented in our simulations reach asymptotes can the variable in question be ignored as an influence on the number of individuals captured per sampling period. For Type i (partial overlap) nonterritorial birds with home ranges of i0 ha, differences in mean flight distance dramatically influenced the number of birds captured, except after 2,500 flights at mean flight distances greater than 4 to 5 m (Fig. 6A) . For Type i birds with home ranges of 25 ha, the influences of differences in mean flight distance were even more dramatic (Fig. 6B) . Until the number of flights reached 2,000, the relationships between flight distances and capture rates approximated straight lines. For 2,000 flights or more, capture rates began to show asymptotes at flight distances greater than 4 to 6 m, and there was little indication of capture rates reaching an asymptote over the range of values in the simulation.
For Type 2 (total overlap) nonterritorial birds in a l-km 2 area, the number of birds captured was likewise influenced dramatically by flight distance (Fig. 7) . For territorial birds with small mean flight distances (e.g. 2 m), substantial differences in capture rates were found among birds that fly 500, 1,000, 1,500, and 2,000 times per unit time period for territory sizes of 2, 5, 10, and 25 ha (Fig. 8A) . For example, for birds with 25-ha territories, one that flew 1,000 times/sample period was captured 2.5 times as frequently as one that flew 250 times/period and, for birds with 2-ha territories, one that flew 1,000 times/sample period was captured 1.8 times as frequently.
Thus, in this example, mist nets would capture 1.8 to 2.5 times as many individuals of the species that flies more frequently even though both have identical relative abundances. For birds with very small (1-ha) territories, differences in number of birds captured were relatively small above 1,500 flights/sample period. For territorial birds with a mean flight distance of 5 m, the results were similar, but with asymptotes reached at lower numbers of flights, generally at 1,000 to 1,500 flights/sample period (Fig. 8B) . For territorial birds with mean flight distances of 10 m, asymptotes were reached at about 1,000 flights/sample period; however, 10 m is probably much longer than the mean flight distance for most territorial species of the understory. For nonterritorial birds with Type 1 (partial overlap) home ranges of 10 ha, substantial differences in capture values were found for birds with mean flight distances of 6 m and shorter for birds that made 250, 500, 1,000, 2,000, and 2,500 flights/sample period, and for birds with 8 to 10 m mean flight distances, substantial differences are found among birds that make 250, 500, and 1,000 flights/sample period (Fig. 9A) . For example, for two species with mean flight distances of 2 m, one that flew 1,000 times/ sample period was captured 4.4 times more frequently than one that flew 250 times/sample period, and for two species with mean flight distances of 8 m, one that flew 1,000 times/ sample period was captured 1.8 times more frequently than one that flew 250 times/sample period. Thus, in this example, mist nets would capture 1.8 to 4.4 times as many individuals of the species that flies more frequently even though both have identical true relative abundance. For birds with Type 1 home ranges of 25 ha, even fewer asymptotes were reached before 3,000 flights (Fig. 9B) For nonterritorial birds with Type 2 (total overlap) home ranges of 100 ha, substantial differences in capture values were found among birds with mean flight distances of 10 m and shorter and that made 250, 500, 1,000, 2,000, and 2,500, and 3,000 flights/sample period. At a 25-m mean flight distance there were substantial differences among birds that made 250, 500, 1,000, and 1,500 flights/sample period (Fig. 10) . For two species with mean flight distances of 4 m, one that flew 1,000 times/sample period was captured 3.7 times more frequently than one that flew 250 times/sample period. Thus, mist nets would capture 3.7 times as many individuals of the species that flies more frequently, even though both have identical relative abundances. Only for birds with extremely large (100-m) mean flight distances (trap-lining hummingbirds?) was there no effect of flight frequency on capture rate, at least for flight frequencies >250 times/sample period. Not one paper explicitly stated the assumption that differences in capture rates were determined only by differences in relative abundance (although two papers cited a paper published elsewhere that stated this assumption). However, all papers proceeded with that assumption. Only four papers (Bierregaard 1990, The problems in comparing capture rates of species, sexes, or age classes that differ in spacing systems is so obvious that we consider a computer simulation to demonstrate quantitative differences in predicted capture values as Likewise, the problem in comparing birds that differ in mean flight distance or flight frequency, regardless of spacing system, was mentioned by Karr (1981) ranged from 4 to 50% (mean 18%). Using this mean, all simulations involving number of flights could be extended by a factor of about 18%. Even this would be a conservative adjustment because it is likely that, once a bird has escaped from a net, the probability of it hitting that net again is reduced through learning.
As pointed out by Levey (1988) , another problem with interpreting mist-net captures is that when a bird is captured in a mist net, it does not necessarily mean that it was using the area around the net except to fly through that air space. Therefore, the validity of interpretations of capture data with respect to habitat and microhabitat use at the net depends on the likelihood that the bird was just passing through. For species with short flight distances, that likelihood is clearly low (although dispersing individuals may have been using the area near the net only as a "stepping stone"). For species with medium and long flight distances, however, that likelihood is higher. In fact, because nets capture only flying birds, capture-rate data applied to small areas might indicate avoidance, not use or preference. We suggest that use of mist-net captures to determine habitat and microhabitat preferences of species that typically make flights longer than the distance from the contrary, important individual differences exist among those who set nets, and these differences might affect inter-and intraspeciflc capture rates strongly. Subtle differences in the way a net is set affect capture rates and species composition. In our experience, a net set in dense vegetation will capture a higher proportion of species that have short flight distances and a lower proportion of those with long flight distances; the converse is true for nets in relatively sparse vegetation. Experienced mist-netters recognize spots where nets will yield the highest overall capture rates (Ralph et al. 1993 ). For example, nets along ridge lines or crossing gullies often catch relatively high numbers of birds. Capture rates are strongly affected by the tension with which a net is set, the angles and frequency of light striking it, the frequency with which it is cleaned of debris and of captured birds, the frequency of human disturbance, the degree to which nearby vegetation is cleared from the net line, the proportion of time the net is exposed to wind, the wind direction, the frequency of Can mist-net capture data be used to estimate relative abundance accurately? We believe that they cannot be used to do this with any methods currently in use, and we are unable to see how the relative abundance of birds with different spacing systems can ever be compared accurately using the technique. However, if netting is carried out until the capture rates of new individuals reach an asymptote, then the number of captures approximates relative abundance for birds with the same spacing system. A corollary of this observation regarding asymptotes is that capture rates are best compared only among birds for which the capture rates reached asymptotes during the study. This requires marking of all individuals and presumably an extension of netting operations for many more days than currently in the protocols of most mist-net studies. Therefore, we regard many conclusions of published mist-net studies concerning comparisons of relative abundance as open to question.
